However, recent studies have demonstrated that circulating bone marrow-derived endothelial progenitor cells (EPCs) tightly contribute to adult blood vessel formation (4,5). The EPCs promote in vivo re-endothelization and are able to be incorporated into new vessels in animal models of hind limb ischemia (6,7). EPCs are involved in processes like myocardial ischemia and infarction, wound healing, and endogenous endothelial repair (8 -11). Furthermore, in vivo studies in animal models and in vitro studies using EPCs from type 1 diabetic patients revealed a potential role for glucotoxicity in impairing EPC function (7, (12) (13) (14) .
P ostnatal blood vessel formation was for a long time attributed to the migration and proliferation of preexisting fully differentiated endothelial cells, a mechanism known as angiogenesis (1) (2) (3) . However, recent studies have demonstrated that circulating bone marrow-derived endothelial progenitor cells (EPCs) tightly contribute to adult blood vessel formation (4, 5) . The EPCs promote in vivo re-endothelization and are able to be incorporated into new vessels in animal models of hind limb ischemia (6, 7) . EPCs are involved in processes like myocardial ischemia and infarction, wound healing, and endogenous endothelial repair (8 -11) . Furthermore, in vivo studies in animal models and in vitro studies using EPCs from type 1 diabetic patients revealed a potential role for glucotoxicity in impairing EPC function (7, (12) (13) (14) .
High glucose induces pathological alterations through increased formation of advanced glycosylation end product, activation of aldose reductase and protein kinase C, and increased flux through the hexosamine pathway. All of these mechanisms seem to reflect a single hyperglycemiainduced process of overproduction of superoxide anion by the mitochondrial electron transport chain (15) . Superoxide inhibits the glycolytic enzyme glyceraldehyde phosphate dehydrogenase, diverting upstream metabolites from glycolysis toward the glucose-driven signaling pathways that cause hyperglycemic damage (16) . These processes may be in part reduced by transketolase activation through its cofactor thiamine. In fact, both thiamine and benfotiamine have been shown to correct microvascular and macrovascular complications of diabetes, although at a different extent, blocking three major pathways of hyperglycemic damage (16 -19) .
Interestingly, the phosphatidylinositol 3-kinase (PI 3-kinase)/Akt pathway is crucial for both endothelial cell function and EPC differentiation (20 -22) . The PI 3-kinase/ Akt pathway is known to direct cellular processes like differentiation and stress resistance through a tight regulation of the forkhead family of transcription factors (FoxO1/3a/4). FoxO1 and FoxO3a were recently found to play a role in angiogenesis and vasculogenesis (23) (24) (25) (26) . We and others have recently shown that both genetic and metabolic factors impair activation of the PI 3-kinase/Akt/ FoxO pathway in mature endothelial cells (27) (28) (29) . In this study, we investigated the impact of glucose toxicity on the ability of EPCs to differentiate into mature endothelial cells, and we also tested benfotiamine capacity to bypass the negative effects of high glucose concentrations.
the presence or absence of high glucose (33 mmol/l) and high glucose and benfotiamine (50 mol/l). An initial preplating step on fibronectin-coated dishes was performed, to exclude contamination from mature endothelial cells (11, 30) . After 48 h, the nonadherent cells were collected, counted, and replated on fibronectin-coated culture dishes or 4-well glass slides for the final assay. Culture medium was changed every 3 days. EPC proliferation and differentiation. Adherent cells were stained for the uptake of dioctadecyl-tetramethylindo-carbocyanine perchlorate (Dil)-labeled acetylated LDL (Dil-acLDL; Molecular Probes) and the binding of fluorescein isothiocyanate (FITC)-labeled Ulex europaeus agglutinin I (Sigma). Cells were first incubated at 37°C in the presence of 10 g/ml Dil-acLDL for 2 h. Cells were then washed three times and fixed for 15 min in PBS containing 4% paraformaldehyde. Finally, cells were incubated for 1 h at room temperature with 10 g/ml FITC-labeled Ulex europaeus agglutinin I. The number of total attached cells was evaluated by 4Ј-6-diamidino-2-phenylindole-2HCl (Sigma) staining. Cells were visualized using a laser confocal microscope (Nikon): double-positive cells were judged EPCs and quantified by examining 15 or more random microscopic fields. To confirm the endothelial profile, indirect immunostaining was performed using antibodies directed against vascular endothelial growth factor (VEGF) receptor 2 (VEGFR2; Santa Cruz) and CD31 (Santa Cruz) for 1 h and then for 1 h further with a fluorescein-conjugated anti-rabbit IgG or phycoerythrin anti-mouse IgG (Molecular Probes); nuclei were stained 4Ј-6-diamidino-2-phenylindole-2HCl. Only spindle-shaped cells were included in the count. Cells were visualized by an inverted fluorescent microscope (Nikon) and quantified by examining 15 or more random microscopic fields. Western blotting and nuclear extracts. Adherent cells were serum deprived for 16 h and then stimulated with insulin (10 Ϫ7 mol/l; Sigma) for 15 min at 37°C. Protein extracts were prepared as previously described (27) . The nuclear and cytosolic fractions were separated by use of a commercially available kit according to the manufacturer's protocol (Pierce). The purity of the nuclear fractions was ensured by immunoblotting with topoisomerase-1 or histone H1 (Santa Cruz). Western blotted proteins (50 g/lane) were immunodetected with anti-phospho-(Ser473) Akt antibody, anti-Akt, anti-phosphop44/p42 map kinase (Thr202/Tyr204), anti-p44/p42, anti-phospho-FKHR (Thr24)/FKHRL1 (Thr32) antibody, and anti-FoxO1 antibody (all from Cell Signaling). The anti-acetylated (K242/K245) FoxO1 antibody was previously described (31) . The phosphorylated and acetylated specific levels of the proteins studied were normalized for the amount of the respective total protein on the same filter. Actin (total cell homogenate) and topoisomerase-1 or histone 2b (nuclear) were used to normalize protein loading. Matrigel assay. Matrigel (Becton Dickinson) was thawed and placed in 24-well plates for 30 min at 37°C to allow solidification. For fluorescent labeling of EPCs, cells were incubated with Dil (Molecular Probes) at a concentration of 5.2 g/ml in serum-free culture medium for 10 min at 37°C. Dil-labeled EPCs (2 ϫ 10 4 ) were coplated with 4 ϫ 10 4 human umbilical vein endothelial cells (HUVECs) and incubated overnight at 37°. The tubule was defined as a structure exhibiting a length four times its width. The number of EPCs in tubules was determined counting at least 10 random fields. Evaluation of apoptosis by flow cytometry. The percentage of cells undergoing apoptosis was quantified as previously described (32) . RNA isolation and RT-PCR. Total RNA was isolated using the TRIzol reagent (Invitrogen) as described by the manufacturer. For RT-PCR, 1 g total RNA was reverse-transcribed into cDNA with 1 unit/ml M-MLV reverse transcriptase (Invitrogen) at 42°C for 45Ј. Primers sequences for human FoxO1, FoxO3, FoxO4, Bim-eL, FasL, catalase, and ␤-actin are available upon request. The PCRs were carried out at 60°C with Platinium Taq Polymerase (Invitrogen). Statistical analysis. Results for continuous variable are expressed as means Ϯ SE. Comparisons between groups were analyzed by two-tailed Student's t test or ANOVA, as appropriate. P Ͻ 0.05 was deemed significant. All analyses were performed with GraphPad Prism 4.
RESULTS
EPC differentiation and function are impaired by high glucose and recovered by benfotiamine. EPCs when plated on fibronectin give raise to endothelial cell colony forming unit (EC-CFU) (11) . An EC-CFU at 7 days of differentiation consists of multiple thin, flat cells emanating from a central cluster of spherical cells. To detect effects of high glucose on EC-CFU number and EPC differentiation into endothelial cells, freshly isolated EPCs were cultured in control medium and in the presence of high glucose, at a concentration that was demonstrated to completely impair EPC function in cell culture (high glucose, 33 mmol/l) (33); mannitol (30 mmol/l) was used as a control for osmotic stress. At day 7, EPCs cultured in control medium formed endothelial cell colonies with several thin, flat, spindle-like-shaped cells emanating from a cluster of rounded/polygonal cells (Fig. 1A) . In contrast, EPCs under high glucose treatment remained round/polygonal (Fig. 1A) . Benfotiamine recovered effects of high glucose (Fig. 1A) . The EC-CFU number was significantly decreased in EPCs cultured in the presence of high glucose, but when high glucose treatment was integrated with benfotiamine, the number of EC-CFUs was comparable with the control (Fig. 1B) . Mannitol had no effect on EC-CFU number. Next, we visualized EPCs by double labeling with Dil-acLDL and lectin and counted them after 7 days in culture (Fig. 1C) . High glucose significantly reduced the number of double-positive cells, whereas benfotiamine treatment recovered glucose toxicity. The endothelial phenotype of EPCs was additionally confirmed by checking the expression of markers like the VEGFR2 (Fig. 1D), CD31 (Fig. 1E) , and the endothelial nitric oxide synthase (eNOS) after 15 days in culture (Fig. 1F) . Interestingly, high glucose reduced the number of cells expressing VEGFR2 and CD31, whereas benfotiamine counteracted the observed effects on the expression of the two markers ( Fig. 1D and E) . Next, we investigated whether the administration of benfotiamine was able to increase EPC integration into vascular structures using a Matrigel assay. Cocultivation of EPCs and HUVECs on Matrigel led to the formation of an extensive tubule network in all of the different growing media that we used. Fluorescent tagging of EPCs with Dil enabled delineation of EPCs from HUVECs. Analysis of superimposed light and fluorescent images of identical fields revealed that in high glucose conditions, a lower amount of EPCs was incorporated into new tubules when compared with controls, whereas benfotiamine partially recovered high glucose effects ( Fig. 2A and B) . Wortmannin reduces positive effects of benfotiamine on EPC-CFUs. The PI 3-kinase/Akt pathway is known to play a major role in EPC differentiation (20, 21) , and previous studies suggested that its activation is impaired by high glucose in endothelial cells (28) . Therefore, we incubated EPC cultured in the various conditions in the presence or absence of the PI 3-kinase inhibitor wortmannin. Results showed that wortmannin reverted the positive effects of benfotiamine on EC-CFU number in high glucose-treated EPC (Fig. 3A) .
FIG. 1. High glucose (HG) impairment of CFU-EC morphology and number is counteracted by benfotiamine (BFT). A: CFU-EC at 7 days after
To verify that wortmannin was effectively reducing activation of Akt in EPC, we assessed levels of Akt phosphorylation on Ser473. Results showed that high 
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glucose significantly inhibited Ser473 Akt phosphorylation, whereas benfotiamine significantly reverted high glucose effects (Fig. 3A, left panel) . Remarkably, wortmannin significantly blocked the positive effects of benfotiamine against glucotoxicity, suggesting that benfotiamine effect is PI 3-kinase dependent (Fig. 3B) . To verify that the benfotiamine restoring effect on Akt phosphorylation was observed also after acute growth factor stimulation, EPCs were serum starved for 16 h and then incubated with insulin 10 Ϫ7 mol/l. In high glucose-treated cells, insulin-dependent Akt phosphorylation on Ser473 was significantly reduced compared with controls, high glucose plus benfotiamine, and mannitol (Fig. 3C) . By contrast, neither high glucose nor benfotiamine affected phosphorylation of extracellular signal-related kinase1/2, p38, Jun NH 2 -terminal kinase (JNK), and IKK␤ (data not shown). Akt/FoxO activation in EPCs is impaired by high glucose and recovered by benfotiamine. Because the PI 3-kinase/Akt pathway acts to differentiate EPCs into endothelial cells through the modulation of FoxO transcription factors (23) (24) (25) (26) 35) , we investigated their expression under different culture conditions. FoxO1, FoxO3a, and FoxO4 mRNA levels in EPCs were comparable under the various treatments (Fig. 4A) . By contrast, FoxO phosphorylation on Akt-dependent consensus sequence (Thr24 for FoxO1 and Thr32 for FoxO3a) was markedly reduced by high glucose compared with controls, high glucose plus benfotiamine, and mannitol ( Fig. 4B and C) . Another important posttranslational modification controlling FoxO1 activity is the acetylation on K242 and K245, which are known to be regulated by CBP (acetylase) and SIRT1 (deacetylase) (31) . We found that in high glucose-treated EPCs, acetylation of FoxO1 on both the residues is significantly increased compared with controls and restored by treatment with benfotiamine (Fig. 4B) .
Because we identified an altered FoxO1 phosphorylation profile in high glucose, we inquired whether this could reflect an anomalous cellular localization. Using confocal microscopy, we observed that high glucose induces a shift versus nuclear localization of FoxO1 when compared with controls, whereas benfotiamine attenuated high glucose effects (Fig. 5A) . The number of EPCs showing FoxO nuclear accumulation was markedly increased in high glucose-treated cells compared with control and benfotiamine-attenuated high glucose effects. To verify that FoxO1 was preeminently nuclear only in high glucose, we performed Western blot analysis of EPC nuclear extracts. Results confirmed that high glucose induces a nuclear accumulation of FoxO1protein with respect to controls, benfotiamine, and mannitol conditions (Fig. 5B) .
Having found a reciprocal modulation of phosphorylation/acetylation states in FoxO1, we analyzed FoxO target genes involved in the regulation of cell cycle, apoptosis, and oxidative stress. In high glucose EPCs, we observed an increased expression of Bim-el and FasL (both significant) and p27 (not significant), whereas catalase was significantly reduced (P Ͻ 0.05; Fig. 5C ). Because FoxO targets suggest a tendency to favor apoptosis and reduced resistance to oxidative stress, we estimated the number of apoptotic cells under these treatments. We found a twofold increase of apoptosis in high glucose compared with the other treatments (Fig. 5D ).
DISCUSSION
Type 1 and type 2 diabetes are both associated with endothelial cell dysfunction and reduced neoangiogenesis (35, 36) . It is now accepted that EPCs contribute to maintenance of endothelial layer and take part in neovascularization. Although both in vitro and animal studies suggested that a hyperglycemic state was associated with impaired EPC biology and function, they lack direct evidence that glucose toxicity determined by hyperglycemia may impair EPCs (12) (13) (14) . To study the effects of high glucose, we isolated EPCs from peripheral blood monocytes and cultured them in a two-step protocol that has been previously demonstrated to reduce artifact results because of the presence in cultures of circulating mature endothelial cells (11) . High glucose was confirmed to reduce EPC plasticity toward endothelial cells at different levels.
To attenuate the damage determined by glucose toxicity, we elected to use benfotiamine, a thiamine derivative that was shown to dampen effects of the hexosamine, intracellular advanced glycosylation end products, and protein kinase C pathways (19 -22,35) . Our results indicate that benfotiamine improves the expression of endothelial cell markers in EPCs, restores eNOS levels, and recovers the ability of EPCs to participate in angiogenic processes. To elucidate the molecular mechanisms allowing commitment of EPCs to endothelial cell in the presence of benfotiamine, we performed analysis of signaling pathways. In particular, glucose toxicity acts to dampen the activity of the PI 3-kinase/Akt pathway, a major signal for EPC differentiation (28, 29, 36) . The PI 3-kinase/Akt pathway is known to direct cellular processes like differentiation and stress resistance through the modulation of FoxO transcription factors activity. In fact, FoxOs activate or repress transcriptional programs involved in metabolic control, cell cycle, oxidative stress sensing, and apoptosis, depending on the integration of external signals received by growth factors like insulin, IGF-I, or VEGF (22) (23) (24) (25) (26) (37) (38) (39) . However, the intimal mechanisms regulating FoxO activity are still unclear. A first layer of control is FoxO phosphorylation. Akt phosphorylates and inhibits FoxO transcriptional activity, through cytoplasm restraining, whereas JNK phosphorylation has a permissive role for FoxO activity (40) . Our data confirm that hyperglycemia, impairing Akt but not JNK, may affect FoxO restrictive phosphorylation, thus allowing its nuclear localization. Once FoxO is localized within the nucleus, a second layer of control is obtained through acetylation by CBP or deacetylation by SIRT1 (31, 39) . The complex regulation of FoxO transcriptional activity is still a matter of debate, although it has been suggested that the balance of acetylation and deacetylation of FoxO could regulate its activity from transcription of genes involved in cell cycle and apoptosis (Bim-el and FasL) toward transcription of genes involved in oxidative stress sensing (Catalase) (41) . Our data are in keeping with this hypothesis. In fact, we observed that in the presence of low phosphorylation/high acetylation states, as determined by glucose toxicity, the transcription of apoptotic/cell cycle inhibition genes like FasL and Bim-el is favored. Conversely, in both the control and benfotiamine treatments, the expression of some apoptotic genes was attenuated, whereas expression of an oxidative stress resistance gene, like Catalase, was increased.
Thus, it may be hypothesized that FoxO1 expression is necessary for adequate EPC differentiation, but it should be flanked by a tight posttranslational control through phosphorylation and acetylation to exert the more appropriate effect to physiological request, either regulation of cell cycle or oxidative stress sensing.
Interestingly, because benfotiamine, when incubated with high glucose, appeared to improve over the control, some aspects of EPC differentiation and phenotype, such as double uptake of acetylated LDL/lectin binding, CD31, and VEGFR2 expression, it is conceivable that it may have also some independent effects on EPC differentiation. In particular, from analysis of phosphorylated Akt and phosphorylated/acetylated FoxO status in EPCs, it is intriguing to observe that although benfotiamine was able only to partially counteract glucotoxicity effects on Akt, it seems to have greater effects on both FoxO1 phosphorylation and acetylation state. Because FoxOs translate some but not all the effects of Akt, further studies beyond the scope of this study will be necessary to investigate whether benfotiamine may promote EPC differentiation through specific regulation of FoxO transcription factors.
In conclusion, we have shown that benfotiamine is able to dampen glucose toxicity effects on endothelial progenitors and have identified in benfotiamine and in the Akt/ FoxO1 pathway possible targets in efforts to increase endothelial cell regeneration through EPCs. We thank Dr. Marta L. Hribal (University of "Magna Graecia" Catanzaro) for critical reading of the manuscript. Western blot analysis of nuclear extracts. High glucose induces a nuclear accumulation of FoxO1 with respect to controls, benfotiamine, and mannitol (MAN) conditions; topoisomerase-1 was used to confirm quality of nuclear extracts. C: Expression of FoxO targets is modulated by high glucose and reverted by benfotiamine (Bim-el, **P < 0.01 controls vs. high glucose and *P < 0.05 high glucose vs. high glucose plus benfotiamine; FasL, **P < 0.01 for high glucose vs. controls and high glucose plus benfotiamine; p27, not significant; Catalase, *P < 0.05 controls vs. high glucose and high glucose plus benfotiamine; ANOVA-1). D: Analysis of apoptosis after propidium iodide staining by flow cytometry. The percentage of apoptotic cells is increased in high glucose compared with controls and benfotiamine (***P < 0.001 high glucose vs. controls, **P < 0.01 high glucose vs. high glucose plus benfotiamine, ANOVA-1, n ‫؍‬ 4).
